Protein domain repeats are common in proteins that are central to the organization of a cell, in particular in eukaryotes. They are known to evolve through internal tandem duplications. However, the understanding of the underlying mechanisms is incomplete. To shed light on repeat expansion mechanisms, we have studied the evolution of the muscle protein Nebulin, a protein that contains a large number of actin-binding nebulin domains.
Introduction
The creation of new multidomain architectures through shuffling of protein domains is an important mechanism that serves to expand the protein repertoire and has been studied extensively during the last few years. [1] [2] [3] [4] However, one type of domain rearrangement has often been ignored: the creation of protein segments consisting of several domains of the same type in tandem-domain repeats. Domain repeats are present in all kingdoms of life and are particularly common in multicellular organisms. 1, 5, 6 These repeats have been proposed to provide eukaryotes with an extra source of variability to compensate for low generation rates. 7 In addition, long repeats have been shown to be exceptionally common in proteins that are involved in many protein-protein interactions. 6, 8 A probable mechanism for the development of domain repeats is via tandem duplications within a *Corresponding author. E-mail address: arne@bioinfo.se.
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gene, 9 where a segment is duplicated and the copy is inserted next to its origin. However, the exact mechanism behind this phenomenon is not fully understood. In a previous study, 6 we examined in detail internal duplication in domain repeats of higher eukaryotes and found that it is similar to duplication of multiple domains all at once. The size of the duplication units varied both within domain families and between domain families.
In the case of the muscle protein Nebulin, we found that a region containing seven nebulin domains seems to have been duplicated repeatedly in a clear pattern. 6 The seven-domain motif of Nebulin is what we refer to as a super repeat (SR). Upon further investigation of the Nebulin gene, we found clear patterns of both SR duplications and duplications of single nebulin domains. Due to its clear, yet diverse, duplication pattern, this protein was selected for further investigation of the mechanisms underlying the evolution of protein repeats.
The nebulin domain is an approximately 35-residue-long helical structure that is involved in actin binding. 10 It contains a conserved SDxxYK sequence pattern that is responsible for binding to actin. 11 In some contexts, nebulin domains form an SR consisting of seven domains. The SR motif has a higher affinity for actin than single nebulins. 12 In addition, the SR contains a conserved WLKGIGW motif in every seventh unit that is thought to be responsible for binding to the thin filament components tropomyosin and troponin. 11 The functional advantage of having this seven-domain module could explain its common duplication.
In vertebrates, there are four protein families that contain the nebulin domain (Fig. 1c) ; the most well studied is the giant protein Nebulin. The protein is mainly found in skeletal muscle where it is implicated in thin filament formation. In Nebulin, there is a clear SR pattern, with more than 20 SRs flanked by simple repeat nebulin domains and an SH3 domain at the C-terminus. 13 The Nebulin protein undergoes alternative splicing, which regulates its length, thereby affecting the size of muscle thin filaments. 11 NRAP (Nebulin-related anchoring protein) is the only other protein that contains nebulin SRs, although only five copies. NRAP is found in both skeletal and cardiac muscles and is believed to be involved in myofibril assembly. 11 LASP (LIM and SH3 protein) is a short nebulin-containing protein that is present in both invertebrates and vertebrates. LASP is expressed in most tissues and seems to be involved in cytoskeletal organization. 11 Finally, the Nebulette protein consists of a nebulin repeat, but does not have SRs like NRAP and Nebulin. Although it is predominantly found in cardiac muscle, where it is probably involved in myofibril assembly, 14 Nebulette also has a ubiquitously expressed splice form with the same domain structure as LASP. 15, 16 Recently, the first invertebrate Nebulin protein was discovered in the amphioxus cephalocordate Branchiostoma floridae. 17 The gene structure of this newly discovered invertebrate protein, whose relatives generally are found in skeletal muscle, is vastly different from the structures of vertebrate genes. In fact, it consists of two regions of SRs and, additionally, a third region of simple repeats covering a single large exon.
Here, we first present an analysis of the evolution of the nebulin-containing genes and the creation of the nebulin SR. Subsequently, we present an indepth study of recent tandem duplications in several vertebrate Nebulin orthologs. Finally, we assess the prevalence of protein domain repeats in segmental duplications of the human genome.
Results

Domains and exons in nebulin genes
At the start of this investigation, Pfam domains 18 were assigned to the nebulin-containing genes. The nebulin domain consists of an α helix in its actinbound form, and the nebulin molecule is believed to extend along the myofibril since the length of one nebulin unit in helical conformation corresponds to the size of one actin monomer. 19 However, the conformation of nebulin in its unbound form is not known. Nebulin units are transient helices in solution, 10 while long constructs of nebulin repeats aggregate at natural pH. 20 Attempts to model the structure of nebulin domains were not successful, since it lacks sufficiently close homologs in structure databases. Furthermore, de novo protein structure prediction on a nebulin fragment, using Rosetta, 21 did not provide any clear structural models.
When exon boundaries within repeats and SRs were examined, it became evident that they do not coincide with the domain boundaries as defined by Pfam. The exon boundaries were mainly located in the middle of a nebulin domain in Nebulin (Fig. 1b) , as well as in other nebulincontaining proteins. The nebulin domain is the functional unit that most likely corresponds to an α helix, according to predictions (Fig. 1b) , However, during extension by tandem duplications, an exon consisting of two partial helices-not the domain as defined by Pfam-is the evolutionary unit. Hence, we have chosen to disregard the Pfam domain definition and instead consider "Nebulin Evolutionary Units" (NEU) defined by the exon boundaries (Fig. 1b) .
Thus, we used exons as the basis for our assignment of NEU in proteins from other species. To avoid annotation bias due to insufficient mRNA sampling, we ran annotations on the full DNA sequences of all nebulin genes using profiles created from exons in human and mouse nebulin genes. With this method, we found several new exons that were unannotated in Ensembl. Naturally, we cannot say anything about the expression of such exons; however, we are mainly interested in evolutionary events that have occurred within the gene. Thus, the presence of an NEU at a certain position is sufficient for our purposes. In the human Nebulin gene, we identified 13 new exons that were not included in Ensembl. We are still confident that most are coding exons, since a region composed of 11 of these exons was identified by Donner et al. in a minor splice form. 13 
Evolution of the nebulin gene families
Based on our assignments, the human Nebulin protein contains 238 NEU, followed by an SH3 domain. A summary of the nebulin genes in all species can be found in Table 1 LASP contains a LIM domain at the N-terminus and an SH3 domain at the C-terminus, as well as two or three nebulin domains. It is found in at least one copy in almost all vertebrates and invertebrates, even in insects (Table 1) . Therefore, it is likely that the evolution of the nebulin-containing proteins started with a LASP-like protein.
Subsequently, the LASP-like precursor to Nebulette, NRAP, and Nebulin must have evolved through several tandem duplications of single nebulin domains. At some point in evolution, the first SR was then formed in a precursor to Nebulin and NRAP. Since the SR motif has a higher affinity for actin filaments, 12 it was likely advantageous to copy the whole motif rather than single nebulin domains.
Nebulin and Nebulette still have the C-terminal SH3 domain; in addition, Nebulette has an exon coding for an N-terminal LIM domain that is only included in the LASP-like isoform of the Nebulette gene. 16 NRAP, on the other hand, has an N-terminal LIM domain, but no SH3 domain. Examining the sequence similarity, we found that there is a clear resemblance between the C-terminal regions of Nebulin and Nebulette, and between the N-terminal parts of Nebulin and NRAP (Fig. 1c) . This finding further supports a common origin for the three vertebrate nebulin-containing proteins.
The most probable evolutionary scenario involves a precursor with both SRs and simple repeats, and the LIM and SH3 domains. This precursor must have lost different regions in three different paralogs and undergone duplications of the SR regions in NRAP and Nebulin. This would explain the similarity of Nebulin to C-terminal Nebulette and N-terminal NRAP.
Creation of the SR
In the human Nebulin gene, each SR containing 7 NEU occurs in 25 copies, based on our assignments. Even though each NEU in the SR differs markedly from the other six and from other non-SR NEU, there is fairly good sequence conservation within each type of SR NEU. For instance, the typical WLKGIG motif can clearly be seen in SR unit 1 and is unique compared to the other 6 NEU (see Supplementary Material).
The number of NEU per exon within the SR varies. Most frequently, they are contained within 4 exons: one of intermediate size is equal to 2 NEU, two short ones correspond to 1 NEU, and a large one contains 3 NEU (Figs. 1a and 2b ). The N-terminal and C-terminal SR units consist of mainly single exons, and some repeats have lost one or two introns.
Interestingly, in NRAP, we only see 2 NEU and 3 NEU exons in the SRs, and no instance of the 2,1,1,3 SR structure found in Nebulin (Fig. 2b) . These findings indicate that the SR of seven domains was, from the beginning, contained in seven separate exons. It is possible that two introns had been lost before the gene duplication that separated NRAP and Nebulin. In Nebulin, two other introns must 
Species are arranged according to the Ensembl species tree, and some species were removed due to clearly fragmented Nebulin genes. Still, several of the genes in this list have incomplete sequence coverage or fragmented gene predictions; hence, the size of the Nebulin genes and the number of exons may be underestimated. a The two Ciona proteins are classified as orthologs to NRAP according to Ensembl; however, they contain an SH3 domain and have higher alignment scores to Nebulin. have been lost before the expansion of most of the SR structure.
In addition to vertebrate Nebulin and NRAP, the Nebulin of the Florida lancelet B. floridae contains two distinct regions with SRs. The gene and the NEU structure of the lancelet Nebulin can be found in Supplementary Material. Upon a more detailed examination of these different SR regions, it was evident that the vertebrate Nebulin and NRAP SRs are homologous, as can be seen in Fig. 2a . However, the two lancelet SRs are not similar to each other or to the two vertebrate SRs (Fig. 2a) . Also, the NEU of the human Nebulin SR are more similar to their chicken counterpart than to the NEU of the human NRAP SR.
Furthermore, clustering of Nebulin NEU from SRs in human and lancelet indicates a low level of similarity between the different units of each SR, as they do not cluster together (Supplementary Material). In addition, there is a clear difference in the exon/intron patterns of vertebrate and B. floridae SR (Fig. 2b) . Naturally, it is hard to define the exact order of the B. floridae SR units. Here, they were ordered in a way that would maximize similarity to human Nebulin SR along the diagonal in Fig. 2a . Hence, we cannot exclude the possibility that the loss of an intron between the first NEU and the second NEU in the lancelet SR is the same as that between the sixth NEU and the seventh NEU in the human SR.
Furthermore, it is worth noting that the lancelet SR lacks the typical WLKGIGW motif. Although the lancelet SR may bind troponin/tropomyosin through other means, lack of the motif casts some doubt on the assumption that the lancelet SR has the same function as its vertebrate orthologs.
In consideration of all these observations, it appears that the seven-domain motif has been duplicated in large regions at least three independent times in evolution: once in a vertebrate precursor and twice in the lancelet. Indeed, we cannot exclude the possibility that the 7-NEU SR motif was created two or three independent times.
The Nebulin gene in vertebrates
Even though most vertebrate Nebulin genes are highly similar, the number of NEU varies between species, and we have found several examples of recent duplications in different lineages. However, many of the duplication events are so old that it is difficult to elucidate the exact duplication break points. Still, the number of SR units in each organism and their multiple alignments give an indication about the location and the nature of the duplication events. We estimate that most duplications occurred in an early vertebrate, as we see a common pattern of 16 SRs in all sequenced vertebrates. Through manual inspection, we have identified a number of independent events that are illustrated along the branches of a species tree for a selection of well-sequenced organisms in Fig. 3 . The largest Nebulin proteins are found in human, chimpanzee, and platypus with 25 SRs, while the mouse protein has the same SR structure as the mammalian ancestor, and nonmammalian species have fewer SR units than mammals.
The SR duplications in the mammalian branch of the tree were studied in particular detail (summarized in Table 2 ). Figure 4 shows an overview of the multiple alignment of the Nebulin gene products for some mammals where several events are evident. For instance, there is a duplication of several exons in human and chimpanzee in the middle of the protein. Other events in the SR region include two duplications in platypus, one duplication in cow, one duplication in elephant, and one duplication in horse. In addition, we found several duplications in the C-terminal region of Nebulin involving 1 exon-or in some cases several exons-in the different species.
It should also be mentioned that gaps in the alignment for single species may reflect missed assignments. One such example is found in the duplicated region of chimpanzee and human where Fig. 3 . SR duplications in vertebrates. We estimate that a common ancestor to all the sequenced vertebrates contained 16 SR units. Some of the documented duplication events along different branches are illustrated in the tree for a selection of well-sequenced organisms. The numbers at each node/leaf correspond to the assumed numbers of SRs, and each duplication event is illustrated along the different branches. The branch lengths of the species tree do not reflect any evolutionary distances.
there is a gap for 1 exon in chimpanzee. The intron between the surrounding exons has a large unsequenced region; hence, that the exon in question has been missed in the assignments, rather than genuinely deleted, is more likely, since the latter would disrupt the SR structure.
Double-tandem duplication in the human/chimpanzee SR Alignment of the exons and the DNA sequence of human Nebulin shows a region of high internal symmetry (Fig. 5, squares) where a region has been duplicated twice. The exact same pattern can be seen in the chimpanzee protein, but not in any other species, not even in other primates. This region corresponds to two documented segmental duplications according to the Human Segmental Duplication Database. 22 The duplicated region spans about 10.5 kb and contains 8 exons starting with a 2-NEU exon. Hence, in this case, the unit of SR evolution is two motifs, with the exons containing 2, 1, 1, and 3 NEU. In this article, we define an SR as we identified it in this event, where the first NEU in the SR corresponds to the first NEU in that exon (Fig. 1b) . However, the exact unit being duplicated may not always be identical to this case, as we will show later on.
The three human regions have over 99% sequence identity to one another, as well as to their chimpanzee counterparts, and it is impossible to distinguish any pair as more similar, leading to the conclusion that the two duplications occurred at approximately the same time point. Further inspection indicates that the break-point region partly overlaps with a predicted Alu repeat. 23 It is possible that the homology between Alu elements was responsible for the homologous recombination leading to the tandem duplication of that region. In addition, there are remnants of a LINE-2 element located in the break-point exons surrounding the duplicated regions. Donner et al. suggested that this LINE-2 could be responsible for the duplication event. 13 It should be noted that the duplicated region is not part of a major splice form and that it has only been seen in fetal transcripts. 13 Thus, the functional implications of this duplication are unclear. In addition, the region that has been duplicated is associated with copy number variations based on three different experiments. In one case, a loss of part of the region has been reported, 24 while in two other studies, the region is associated with copy number gain. 25, 26 However, there is not enough information to determine if the boundaries of these copy number variations coincide exactly with the boundaries of the tandem duplication documented here. Still, this suggests that tandem duplication of these human SR units is an ongoing evolutionary process, and this may be the case in other species as well.
Other mammalian SR duplications
Upon inspection, we found several other examples of recent tandem duplications in the SR region of Nebulin. These events can be seen in the multiple alignments in Fig. 4 , where each unit of duplication has been marked with a box, and events are summarized in Table 2 . There, we have only taken into account very recent duplications with at least a 90% sequence identity in both noncoding and coding regions.
One interesting example is the platypus Nebulin, which has tandem duplications in two parts of the For each event, the genomic size duplicated (in kb), the number of NEU, the number of times the unit is duplicated, and the SR order duplicated are presented. The last column indicates whether there are any interspersed DNA repeats identified at the duplication boundaries. a A duplication in the simple repeat region close to the C-terminus. b A duplication of one large region and one smaller region (covering half of the larger one). c The DNA repeat is found within the duplicated region; hence, the occurrence at multiple break points may be a consequence of tandem duplication. Fig. 4 . Overview of multiple alignment with NEU coloring (with the same color scheme as in Fig. 1) . Unsequenced regions are shown in light gray, and white spaces represent gaps in the sequence alignment. Above the alignment is the exon structure with coloring according to 1 NEU exon (red), 2 NEU exons (green), and 3 NEU exons (blue). A multiple alignment of the sequences can be found in Supplementary Material. Each documented event that is mentioned in the text has been highlighted with a box around each homologous region. The duplication of cow also includes a seventh NEU (broken lines) that corresponds to a sequencing gap in one of the copies. In the case of the C-terminal events, all exons affected by the duplications are within one box. The numbers by each box are used to refer to each event in Table 1 . SR. There are two large duplications close to the Nterminus (with one spanning about 10 kb) that seem to contain 14 exons. Another duplication involving half of the larger duplication unit (i.e., 7 exons) has also occurred. However, it is unclear which of the two duplications happened first; it is likely that they were duplicated roughly at the same time in evolution. The other duplication in platypus is found in the middle of the SR and is a duplication of 4 exons containing 7 NEU. Even though the number of NEU is a multiple of 7, these duplications do not contain the same SR unit as the human/ chimpanzee event. In the first example, the region that is duplicated starts with the sixth NEU in the SR; in the second case, it starts with the third NEU.
The elephant gene is not fully sequenced throughout the gene; however, the N-terminal region has fairly good coverage. In a similar region as the first platypus duplication, a region containing 7 exons appears to have been duplicated three times in the recent past. Two of the four nearly identical regions contain 7 exons with an SR of seven domains. However, there are sequencing gaps in the two middle duplicates; hence, the true number of exons in each unit is uncertain.
In horse Nebulin, there has been tandem duplication in a region close to the event in human/ chimpanzee. However, even if this duplication also involves a region with the defined SR order, it is not the same as in the human example. Here, the unit that was duplicated was shifted one SR towards the C-terminus (Fig. 4, event 5 ). In cow, there is yet another duplication close to the C-terminus of the SR region. The cow duplication is not a true tandem duplication, but rather a duplication into a nonadjacent neighboring region. The two regions contain only 3 exons containing 6 SR NEU. However, one of the regions is ended by a sequence assembly gap (Fig. 4, broken lines) ; hence, it is a likely duplication of a whole SR.
In conclusion, we see a variety of SR duplications involving different regions and different units of the SRs. In fact, duplication break points are found in as many as five different introns of the SR (Table 2) . This indicates that tandem duplications can occur almost at random within a large repeat, as long as the repeat structure is not interrupted.
Expansion of the C-terminal region of Nebulin
The C-terminal region of Nebulin is composed of simple repeats of single NEU exons (Fig. 5a ). There are many duplication events in this region. For instance, in the lower right region of Fig. 5 , there is similarity between closely situated exons in the C-terminal region of the human Nebulin gene. Inspection of this region at the DNA level reveals three internally highly similar segments, each containing about 1 exon. Similar duplication events have occurred in several organisms at approximately 12-18 exons from the C-terminus of their respective proteins, some of which are marked in Fig. 4 .
Although recent duplications have occurred in the C-terminal region of Nebulin in most vertebrates, they are not found in all organisms, such as mouse for instance. Hence, the duplications either occurred in a common ancestor and were subsequently lost in some organisms, or took place independently of one another. The latter hypothesis is supported by the finding of a N 90% identity in the noncoding parts of the homologous regions within each species. Such high conservation would not be expected over large evolutionary times (see Methods). Furthermore, multiple-sequence alignments of the C-terminal regions reveal that the events are not entirely overlapping ( Fig. 4; Supplementary Material) . Thus, we can conclude that the events are likely to be phylogenetically unrelated.
The recently duplicated C-terminal region in the human Nebulin gene, located inside the Z-disc, 27 is involved in binding desmin and is also a region of Nebulin that is known to be involved in different isoforms expressed in different muscle tissue types. 28 Although the location of the alternative splicing sites of nebulin is not known for most of the organisms, our results indicate that some organisms have undergone acquisition of new alternatively spliced exons in the recent past.
Tandem duplications in the human genome
Next, all documented events in the Human Segmental Duplication Database 22 were examined to see how common similar tandem duplications occur in genes other than Nebulin. We found 646 examples of tandem duplications after allowing for a 1-kb gap between the two copies. We found 41 examples of duplications involving protein coding exons, even though they are rare.
Furthermore, we investigated if duplications are more common in genes with domain repeats, as defined by Pfam-A domains. 18 In fact, we found that more than half of the tandem duplications affecting coding regions involve genes that code for proteins with domain repeats. Still, only 21% of all proteins contain repeats, and their genes only cover 36% of the genic regions in the genome. Hence, there is a clear overrepresentation of tandem duplications in genes coding for protein domain repeats.
To evaluate this further, we divided the genes into groups based on the number of domains in the repeats. For those groups, the number of tandem duplications and the expected number of events based on the size of the genes were calculated. Using these values, we evaluated the overrepresentation of tandem duplications in protein domain repeats (Fig. 6) . It is clear that proteins without domain repeats have fewer tandem duplications than expected, while they are overrepresented in all groups of repeated genes. In fact, genes that contain domain repeats of length 10 domains or more have greater than three times more events than expected.
In addition, when all intragene duplications are considered (not only those that are directly in tandem), it is very clear that the proteins with long (≥ 10 domains) repeats are highly overrepresented. In fact, 14 of the 62 examples of intragene duplications are found in genes with long repeats.
Upon manual inspection of the examples, we found that many of the recent tandem duplications in human domain repeats involved multiple duplications of large cassettes containing several domains (data not shown). Hence, similar types of duplications are seen in those genes as compared to the Nebulin gene.
Summary
The Nebulin gene has evolved through several duplications of nebulin repeat units-either as single nebulin domains or as part of SRs, where a motif of seven nebulins is duplicated together. Our findings indicate that the Nebulin gene has evolved from a protein similar to LASP that was present in the common ancestor of vertebrates and invertebrates. The two nebulin domains in LASP were duplicated several times, and an SR of seven domains was formed. Upon several further duplications of the SR and simple repeat domains, together with loss of the SH3 or LIM domain, the nebulin-containing proteins Nebulin, NRAP, and Nebulette evolved.
In addition, we found that the SR has been expanded independently into large regions at least three times in evolution: once in vertebrates and twice in the invertebrate B. floridae. It is clear that several duplications occurred in early vertebrate or prevertebrate evolution, since most of the nebulin repeat units are shared among all vertebrates. However, there is very little evolutionary trace left from such old events.
Nevertheless, we have found several examples of recent duplications of different units of nebulin domains, both in the SR regions and in the simple repeat regions. In some cases, we find single events, but in many instances, we see that the same region has been duplicated multiple times at approximately the same time point. In addition, all duplications in the SR region entail domains in multiples of 7. Still, it is clear that the unit that has been duplicated is not the same in different species.
Furthermore, the duplications in the Nebulin gene are not at all unique, but rather represent a common feature in genes that code for protein domain repeats. In fact, we show that tandem duplications are clearly more common in repeat genes than in genes that do not code for domain repeats.
Discussion
The mechanism behind these tandem duplications is not easy to determine. During the last few years, it has become evident that segmental duplications have had a tremendous impact on the structure of our genomes. 29 Several of these segmental duplications are found in tandem, and many cover gene regions.
Any region of homology between two sequence regions may cause homologous recombination and subsequent tandem duplication. 29 Different types of repeats, such as LINEs (long interspersed nuclear element) and SINEs (short interspersed nuclear element), may serve as duplication "hot spots" due to their abundance in the genome. 29 As a matter of fact, 27% of human segmental duplications are flanked by the most common human DNA repeat, the Alu repeat. 30 Indeed, we observe that one of the duplicated regions in human Nebulin is flanked by an Alu repeat. However, most of the duplication events in other organisms do not coincide with detected DNA repeats.
It has been shown that tandem segmental duplications were more common in early vertebrate evolution, while interspersed segmental duplications have been dominating the primate lineages. 29 In the case of Nebulin, we see clearly that most duplications occurred in early vertebrates, and that only a few events have taken place in the current species. We have previously shown that the total amount of domain repeats is fairly constant in all vertebrates, 6 which could be explained by this change in segmental duplication mechanism.
Marcotte et al. found that the longer is a protein repeat, the more likely it is to be expanded further. 7 It is easy to imagine that once a duplication has occurred, it is also likely to occur again. Especially if homologous recombination is the mechanism, the duplicated unit will still be homologous to neighboring regions, making another duplication of the same region more probable. Indeed, in the Nebulin gene, we have found many multiple tandem duplications at approximately the same time point. Hence, it is possible that most of the vertebrate nebulin repeats were expanded during a very short time period.
The functional implications of the duplications are not easy to determine. The suggested function of Nebulin is for it to act as a ruler determining myofibril length. 11 Therefore, it is possible that the increased length of Nebulin, resulting from duplication events, affects myofibril length in some tissues. Still, the duplicated region in the human SR has so far only been observed in a minor transcript in fetal cells; hence, its functional implications may be small. We investigated the selective pressure on the recently duplicated regions, but we could not find any indication that these regions would be more (or less) conserved than any other part of the protein (data not shown). Thus, although the sequencing quality is too poor for firm conclusions, we can attest to the absence of evidence for positive or negative selection in these regions.
Our study of Nebulin proteins indicates that these tandem duplications are ongoing processes. However, if such duplications involve coding regions of nonrepeating proteins, the resulting gene products are less likely to be functional and would therefore not be retained in the population. On the contrary, if a tandem duplication occurs in a long repeat region, it may have less impact on the overall structure of the protein and hence will not be under strong negative selection. In agreement with this theory, we show that tandem duplications within gene regions are overrepresented in proteins with long domain repeats.
In the literature, there are several examples of tandem duplication polymorphisms that have been related to different human diseases [31] [32] [33] [34] in both repeated and nonrepeated proteins. For instance, it has been shown that the duplication of 4 exons containing six cysteine-rich repeats in the lowdensity lipoprotein receptor produces a functional protein; however, patients with this duplication suffer from familial hypercholesterolemia. 32 In addition, we see that a region duplicated in human Nebulin is associated with copy number polymorphisms. At least 24% of all human copy number variants are associated with segmental duplications. 35 Hence, all segmental duplications are in fact not fixed in humans, but rather correspond to copy number variations in a reference genome. Thus, with the sequencing of several more personal genomes, it will be interesting to see what impact tandem duplication has on shaping our human genome. It is possible that there are individual variations in many other repeat regions similar to the duplications seen for vertebrate Nebulin.
Methods Data
The gene sequences for orthologs to the human nebulincontaining genes (LASP, Nebulette, NRAP, and Nebulin) from all fully sequenced genomes in Ensembl were downloaded together with exon annotations ‡. The data from most genomes are not presented in this article, as many had incomplete coverage of the sequences of the genes of interest. A list of genes and assignments for a selection of species is presented in Table 1 . Still, many of the genes presented in the table have unsequenced regions within the genes or are even truncated at some instances.
Nebulin exon assignments
Profiles were created for exons annotated in Ensembl for all mouse and human genes containing nebulin domains using PSI-BLAST, 36 five iterations, and an e-value cutoff of 10 − 3 . The resulting profile database was used to search for all three reading frames of nebulin-containing genes in all species using RPSblast 37 and an e-value cutoff of 10 − 3 . To define the NEU within the human Nebulin SR, we split up the longer exons into two or three domains, with boundaries corresponding to the boundary of the single exon units. Another profile for all simple repeat exons was also created. The resulting eight units were used to search for similar NEU outside the region with welldefined 2, 1, 1, 3 exons (Fig. 1) . The profiles from the human SR were also used to find SR NEU in other vertebrates.
However, the human SR is too distant for a successful assignment of the B. floridae SR region. Hence, new profiles for assigned exons were created for each of the two SRs in B. floridae in accordance with Putnam et al. 38 These were then used for assignment in this organism and for ordering of NEU in the B. floridae SR (i.e., defining which of the NEU should be regarded as the first in the SR). To determine the order, we used the alignments to human Nebulin SR units and optimized the order to get a high sequence similarity, as seen in the similarity matrices in Fig. 2 . ‡ ftp://ftp.ensembl.org/
